In higher plants, fatty acids (FAs) with 18 carbons (18C) represent about 70% of total FAs, the most abundant species being 18:2 and 18:3. These two polyunsaturated FAs (PUFAs) represent about 55% of total FAs in Arabidopsis cell suspension cultures, whereas 18:1 represents about 10%. The level of PUFAs may vary, depending on ill-defined factors. Here, we compared various sets of plant cell cultures and noticed a correlation between the growth rate of a cell population and the level of unsaturation of 18C FAs. These observations suggest that the final level of PUFAs might depend in part on the rate of cell division, and that FAD2 and FAD3 desaturases, which are respectively responsible for the formation of 18:2 and 18:3 on phospholipids, have limiting activities in fastgrowing cultures. In plant cell culture, phosphate (Pi) deprivation is known to impair cell division and to trigger lipid remodeling. We observed that Pi starvation had no effect on the expression of FAD genes, and that the level of PUFAs in this situation was also correlated with the growth rate. Thus, the level of PUFAs appears as a hallmark in determining cell maturity and aging.
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. These FAs are present with various saturation levels, generally displaying none (16:0, 18:0) to three (16:3, 18:3) double bonds for the main species. The most abundant FA species are 18:2 and 18:3, representing about 80% of 18C and nearly 55% of total FAs in Arabidopsis cell suspension cultures, whereas 18:1 represents about 10% of total FAs 1 . Desaturation of 18:0 to 18:1 is catalysed by a soluble desaturase in the stroma using 18:0-ACP as substrate, and a still poorly characterised membrane bound desaturase in the cytosol using 18:0-CoA as substrate 2 . Desaturations of 18:1 to 18:2 then 18:3 are catalysed by four integral membrane FA desaturases (FAD) 2, 3 . In plastids, these two sequential reactions are catalysed by FAD6 (an ω -6 desaturase) and FAD7 (an ω -3 desaturase) and the desaturation reaction occurs on the acyl linked to the membrane lipid, mono-or digalactosyl diacylglycerol (MGDG or DGDG), phosphatidylglycerol and sulfoquinovosyldiacylglycerol 4 . In the endoplasmic reticulum (ER), equivalent reactions are respectively catalysed by FAD2 and FAD3 on phospholipids 3, 5, 6 . A recent study has shown that FAD6 and FAD7 on the one hand, and FAD2 and FAD3 on the other hand, can physically associate via protein-protein interactions, providing a metabolic channeling from 18:1 to 18:3 7 . In such a situation 18:2 would not be released as an intermediary product, and therefore should be kept low in the whole FA composition. Since it is apparently not the case, at least in Arabidopsis 8, 9 , it is possible that the two desaturases also operate independently, or that FAD2 or FAD6 are in excess compared to FAD3 or FAD7 respectively. In the endoplasmic reticulum, phosphatidylcholine (PC) plays a major role in these reactions because it is the site of 'acyl editing ' , a . Through this cycle, 18:1-CoA is attached to PC by a lyso-phosphatidylcholine acyltransferase (LPCAT), before its conversion to 18:2 and 18:3 by FAD2 and FAD3. These PUFAs are thereafter released from PC in the acyl-CoA pool by phospholipase A cleavage/acyl-CoA synthetase or the reverse action of LPCAT, to be eventually available for additional glycerolipid syntheses. The rate of this cycle has been estimated to be significantly higher than the rate of FA synthesis in developing soybean embryos, which should limit the accumulation of relatively saturated membrane lipid species 11 . Unsaturated fatty acids play key roles in membrane structure and function. Indeed, the degree of saturation not only impacts the physicochemical characteristics of the FA, such as the melting point or the viscosity 12 , but also the molecular shape of the lipid to which it is attached 13 . This, in turn, influences the membrane lipid behavior and the bilayer packing. For instance, saturated phosphatidylethanolamines (PE) form a lamellar phase whereas unsaturated PE form an hexagonal HII (inverted non lamellar) phase 14, 15 . Consequently, the enzymes involved in the formation of unsaturated fatty acids, play major roles in membrane formation, function and integrity. In addition, the unsaturated level of FAs in plants may vary, at least in a certain range, in response to different environmental situations. Related to the fact that FAD desaturations are oxygen-dependent reactions, it has been observed that the aeration conditions, i.e. the concentration of dissolved oxygen in the cytosol, affect the FA unsaturation pattern of lipids 16, 17 . From a physiological point of view, desaturases are also important to maintain cellular function and plant viability in specific conditions, such as cold 9 or salt 18 stresses. Cold-induced change of the FA unsaturation level is well documented and is generally explained by the fact that freezing tolerance requires a higher unsaturation level to keep a correct membrane fluidity 9, 19 . As an example, a fad2 mutant could not grow, and subsequently died when cultured at a low temperature (6 °C), indicating that PUFAs are essential to maintain cellular viability in cold conditions 20 . In addition to transcriptional controls 5, 18 , post-translational regulations of these desaturase activities might also contribute to adjust the desaturation level in plants. From this point of view, it was shown that FAD2 21 and FAD3 22 are less subjected to degradation at low temperatures, a process controlled by the proteasomal pathway that might play a role in this adaptative response.
Beside these known environmental effects on the unsaturation level of FAs, other ill-defined factors may alter the level of PUFAs. This is apparent with cell suspension cultures where the extent of PUFAs may vary from one culture to another, making the comparison of results sometimes difficult. In an attempt to better understand what triggers such variations, we measured the impact of growth rate upon the distribution of PUFAs in our plant models. Using cell suspension cultures that mainly contain phospholipids, we observed a correlation between the growth rate and the level of unsaturation of 18C FAs, suggesting that FAD2 and FAD3 desaturases might have limiting activities in fast growing cultures and that the final level of unsaturation might also depend on the rate of division of the plant cell population.
Results
To study lipid metabolism in higher plants, three models of cell suspension cultures were used: stem cells of Acer pseudoplatanus (Sycamore), leaf meristem cells of Arabidopsis thaliana (Arabidopsis) and callus cultures of meristem cells of Arabidopsis. In these cultures, membrane lipids are mainly phospholipids (80 to 90%) with only low amount of galactolipids (10 to 20%) 23 . Indeed, these cells are growing either heterotrophically (Sycamore cells, Arabidopsis calli) or mixotrophically (Arabidopsis cells) and display only amyloplasts (Sycamore cells and Arabidopsis calli) or poorly developed thylakoid membranes with low amount of chlorophyll (Arabidopsis cells). This suggests that PUFAs in our plant models are mostly generated by the FAD2/FAD3 system in the ER, with a minor but significant contribution of the FAD6/ FAD7 couple in plastids. This composition is highly different in leaves where galactolipids represent more than 60% of glycerolipids 24 , suggesting that FAD2 and FAD3 might not be the main providers of PUFAs in these tissues.
When using higher plant cell suspension cultures, there are variations in the growth rate, even in standard controlled conditions, which makes it sometimes difficult to compare cultures that grew at different periods. There is no clear explanation to these fluctuations, although it is likely that slight changes in the density of the initial inoculum, which can vary in the range of plus or minus 10%, may impact the growth rate by modulating the length of the initial lag phase of the culture cycle. However, these variations might also be a source of information, and we looked for a possible correlation between the growth rate and the variability of the FA unsaturation level we often observed in these cultures. In the representative experiment shown in Fig. 1 , Sycamore cells displayed alternatively slow and rapid periods of growth as estimated through the variations of either the fresh weight or the dry weight. At the beginning of the experiment, just after the transfer in a new medium, cells were dividing rather slowly during the initial lag phase, then more rapidly during the exponential phase of growth, then slowly again during the second lag phase following the second transfer and dilution into a fresh medium (Fig. 1A ). During these growth phases, the amount of lipids increased roughly in parallel with the biomass. The profile of FAs was determined along the culture period (Fig. 1B) . 18C, but not 16C, FA species displayed significant changes during the exponential phase of growth: 18:3 and to a lower extent 18:2 decreased whereas 18:1 strongly increased, suggesting that the rate of desaturation of 18:1 was reduced during the fast-growing period.
We therefore sought to correlate in Arabidopsis the growth rate in standard complete medium with the 18C unsaturation level, exploiting the variability that occurs between different culture cycles. In Fig. 2A ,B, we plotted the unsaturated level of 18C versus the growth rate for more than 10 different cultures grown in the same environment and harvested 3 days after renewing the media. We observed a significant correlation between the growth rate and the proportions of 18:1 and 18:2+ 18:3: with higher growth rates there were higher levels of 18:1 and lower levels of 18:2+ 18:3. Detailed analyses of the lipid composition in fast growing and slow growing cell cultures show that slow growing cells displayed 25-30% less lipids, but an unchanged distribution of the main glycerolipids (Fig. 2C,D) . However, the levels of 18:1 and PUFAs were modified in PC and PE as it was observed in the total FA analysis (Fig. 2E ). Diacylglycerols (DAGs) also were affected but not triacylglycerols (TAGs), suggesting that the synthesis of TAGs from DAG backbones favor PUFA rich species. The fact that DAG and PC were similarly affected illustrates the dynamic acyl exchange between these two lipids via the phosphatidylcholine:diacylglycerol choline phosphotransferase (PDCT). Together with acyl editing, this process might also play a central role in the regulation of glycerolipid desaturation 25 . Interestingly, the PUFA levels in galactolipids (MGDG and DGDG) did not change between the two situations, although the DGDG level of 18:1 was slightly increased in the fast growing condition. This slight increase could result from a eukaryotic origin of the glycerol backbone, since a fraction of the DGDG molecules are formed from ER-derived DAGs 26 . Altogether, these results suggest that the FAD6/FAD7 system was less impacted in fast growing cells than FAD2/FAD3.
To confirm the relationship between desaturation of 18:1 and growth rate, we compared the FA profile of Arabidopsis calli grown in liquid suspension either in the presence or in the absence of Pi (Fig. 3) . As previously observed 23 , phosphate starvation induced a significant reduction of the growth rate (Fig. 3A ,B) associated with lipid remodeling, as shown by a fourfold increase of DGDG and a 20% decrease of phospholipids (Fig. 3D) . Indeed, plants adapt to such a situation by replacing part of their phospholipids by galactolipids, mainly DGDG. Despite these changes, phospholipids in Pi-deprived calli still represent more than 60% of all glycerolipids. In our conditions (no more than 8 days of Pi starvation), there was a decrease of the total FAs content and no accumulation of TAG (Fig. 3C,D) . TAG accumulation is a late response to strong Pi deprivation in higher plants 25 and microalgae 27 , seen after 13 days or more of Pi starvation. As for Arabidopsis cell suspension cultures, there was a significant correlation between the growth rate (limited or not by the absence of Pi) and either the level of 18:1 or the level of PUFAs (18:2+ 18:3), both levels varying in opposite directions (Fig. 3A,B) . Detailed analyses of the lipid composition between control and Pi-starved cultures show that the main phospholipids were affected in their 18:1 and PUFA compositions (Fig. 3E) . Here again, low rates of growth (Pi-starvation) induced an increase of PUFAs in phospholipids and DAGs, whereas these effects were attenuated in TAGs (Fig. 3E) . The striking difference arises from galactolipids which play a central role in this low-Pi-induced lipid remodeling. Indeed, the synthesis of DGDG during Pi starvation is mainly achieved at the surface of plastids by MGD2/MGD3 and DGD2 enzymes 26, 28 , through a transitory pool of MGDG. MGD2 and MGD3 preferentially use DAG backbones from the ER-derived pathway, probably arising from phospholipid degradation 29 . Thus, the pool of MGDG in the Pi-limiting situation is a mixture of molecules with glycerol backbones originating from both the prokaryotic and the eukaryotic pathways, which might explain the observed changes in the unsaturation level (decrease of 18:1 and increase of PUFAs, Fig. 3E) . Although the unsaturation level of DGDG did not appear to be modified, it must be kept in mind that the FA composition in DGDG is quite different in the two situations 23 . In Pi-starved cultures, but not in control cultures, DGDG is mainly built from DAG backbones originating from PC 29 , and so its FA composition resembled much the one of PC (Fig. 4A) . This is not the case when fast and slow growing cell suspension cultures are compared (Fig. 4B) , indicating that changes in the FA composition in MGDG and DGDG were a direct consequence of Pi deprivation. This is a complex situation, not yet fully understood, and it is still not known how extraplastidial DGDG is metabolized and if it is edited as PC is.
Similar effects of Pi starvation were also seen in cell suspension cultures. Indeed, as shown in Fig. 5A , Arabidopsis cells grown in a medium devoid of Pi for 80 h exhibited higher 18:2+ 18:3 and lower 18:1 contents, supporting the above results. To check whether the increase of PUFAs in Pi-deficient cells could be attributed to an increase of FAD expression, we measured the effect of Pi starvation on FAD2, FAD3, FAD6 and FAD7 transcript levels. No difference in FAD expression levels could be observed between the two growth conditions (Fig. 5B) , indicating that Pi starvation did not impact the expression of these four genes, as previously observed 30 . These results suggest that the rate at which FAs were desaturated was slower than the rate at which cells divided and lipids were synthesised, at least in fast growing conditions. In other words, desaturase activities (essentially FAD2 and FAD3) leading to 18:3 from 18:1 were probably limiting, and the final level of unsaturation could partly depend on the rate of FA synthesis and membrane turnover.
Discussion
The analyses presented here strongly suggest that a negative correlation occurs between the growth rate of a plant cell culture and the level of PUFA (18:2+ 18:3). In fast-growing tissues (calli) or in highly dividing cells (cell suspension cultures), the proportion of PUFA is lower than in slow growing ones. It is noteworthy that phospholipids were the main lipids affected by these changes, which points out a particular sensitivity of the FAD2/FAD3 system to the growth condition. It is difficult to draw conclusions about . The data are means ± SD of three biological repeats for each condition. Statistical significant differences (P < 0.05) are shown by an asterisk and were calculated by a multiple t test using GraphPad Prism software. the FAD6/FAD7 system because galactolipid remodeling in the Pi-starved situation is rather complex and involves an increased recruitment of glycerol backbones from an ER origin. However, the experiments with the fast and slow growing cell suspension cultures suggest that FAD6/FAD7 were less affected by the growth rate. Whether this difference results from the low amount of plastidial lipids present in our plant model remains an open question.
It might be possible that in situations where membrane syntheses and/or turnover are fast, the activities of FAD2/FAD3 are not high enough to match phospholipid synthesis and editing, leading to 18:1 accumulation in membrane lipids. In developing soybean embryos it was shown that the rate of PC editing was higher than the rate of FA synthesis 11 . However the rate of lipid synthesis in soybean is slow compared to other oilseed plants 11 and the situation may differ in other plants. When considering a whole plant, the situation may also vary from one tissue to another, depending on the dividing activity of the tissue. In the cell cultures analysed here, the amount of 18:1 dropped when the rate of division decreased (see Fig. 1 ) indicating that FAD activities were not or less limiting in this condition.
These results also indicate that the level of unsaturation can fluctuate from one culture to another, these variations resulting from even small differences in the growth rate. Thus, every treatment that impacts the growth rate or cell division could affect the unsaturation level, unless it also affects the rate of lipid synthesis and/or the expression or regulation of FADs. In Pi-limited higher plants, growth and FA production are strongly reduced 23 . Pi limitation did not affect the gene expression of FAD2, FAD3, FAD6 and FAD7, and the calculated correlation factors between the global unsaturation level and the growth rate were similar to those obtained in complete medium growth conditions (compared Fig. 2 and 3) . Thus, this study suggests that the desaturation of lipids by FAD2 and FAD3 in fast dividing systems might not reach a steady state and might be subjected to variations dictated by the growth rate. The in vivo correlation between FAD2/FAD3 activities and cell proliferation rates is therefore also defining the level of PUFAs as a hallmark of cell maturity and aging in plants.
The question of how these desaturases are operating and are regulated in vivo remains open. Interestingly, in these experiments we often observed less variation with 18:2 than with 18:1 and 18:3 (see Fig. 1B ). Indeed, with Arabidopsis calli and cell suspension cultures there was no significant correlation between the proportion of 18:2 and the growth rate, in contrast to what is observed with 18:3 (Fig. 6A,B) . The fact that the proportion of 18:2 fluctuates less than the proportions of 18:1 and 18:3 supports either the hypothesis of a channeling from 18:1 to 18:3 where 18:2 is not systematically released in the bulk medium, or the hypothesis of a limiting activity of FAD2 compared to FAD3. In the first hypothesis, if channeling is the major process for 18:1 desaturation, the 18:2 level should remain quite low, unless FAD2 is in excess compared to FAD3. In our models, 18:2 is not maintained at a low level since in non-photosynthetic Sycamore cells and in Arabidopsis cells it represents respectively 40% and 10-15% of total FAs. Otherwise, if the two desaturases operate independently, it is also possible that FAD2 activity is more limiting than FAD3 activity, as it was suggested for Flax 31 . It is clear that a better knowledge of the stoichiometry and the kinetic parameters of these two enzymes would help to better understand how these PUFAs equilibrate and fluctuate in plant cells.
Methods
Cell cultures. Acer pseudoplatanus cells were grown as suspension cultures in a medium previously defined 32 . Cells were maintained as 250 ml cultures on a vertical rotational shaker (125 rpm) at 22 °C. Cells were subcultured every 7 days, as previously described 23 . At each time point, about 0.4 g of cells were collected, filtered to remove the medium, weighted and frozen in liquid nitrogen for lipid analyses.
Arabidopsis thaliana (ecotype Columbia) cells were grown as suspension cultures (200 mL) in Murashige and Skoog medium (MSP09-50LT, Caisson Laboratories, Inc, USA) devoid or not of phosphate (Pi), and supplemented with 1.5% (w/v) sucrose, 1.2 mg l −1 2,4-dichlorophenoxyacetic acid, potassium phosphate monobasic 50 mg l . For each experiment, about 1.5 g of calli were withdrawn from the agar plate and suspended in liquid Murashige and Skoog medium devoid or not of Pi (Caisson Laboratories, Inc, USA), supplemented with 1.5% (w/v) sucrose and 1.2 mg l −1 2,4-dichlorophenoxyacetic acid. At each time point, aliquots were collected from the callus suspension cultures, filtered to remove the medium, and the calli were weighted and frozen in liquid nitrogen for lipid analyses.
Lipid analyses. Freeze-dried cells were suspended in 4 mL of boiling ethanol for 5 minutes to prevent lipid degradation, and lipids were extracted by addition of 2 mL methanol and 8 mL chloroform at room temperature 27 . The mixture was then saturated with argon and kept for 1 hour at room temperature. After filtration through glass wool, cell debris were rinsed with 3 mL chloroform/methanol 2:1, v/v, and 5 mL of NaCl 1% were then added to the filtrate to initiate biphase formation. The chloroform phase was collected and dried under argon before solubilizing the lipid extract in pure chloroform. Total glycerolipids were quantified from their FAs after transformation as methyl esters (FAME), and analysed by a gas chromatography-flame ionization detector (GC-FID) (Perkin Elmer) on a BPX70 (SGE) column, as The biomass was measured after 3 days of culture, and the initial fresh weight at the beginning of the experiment was 30 ± 5 mg/ml. Correlation factors R 2 were calculated by linear regression using GraphPad Prism software.
thoroughly described elsewhere 27 . FAME were identified by comparison of their retention times with those of standards (Sigma) and quantified by the surface peak method using 15:0 for calibration. Extraction and quantification were performed from at least 3 biological repeats. To quantify the various classes of glycerolipids, lipids were separated by thin layer chromatography (TLC) onto glass-backed silica gel plates (Merck) using two distinct resolving systems for polar and neutral lipids, as previously described 27 . Lipids were then visualized under UV light, after spraying with 2% 8-anilino-1-naphthalenesulfonic acid in methanol, and scraped off the plate. Lipids were recovered from the silica powder after addition of 1.35 mL chloroform:methanol 1:2 v/v, thorough mixing and addition of 0.45 mL chloroform and 0.8 mL H2O and collection of the chloroform phase 33 . Lipids were then dried under argon and quantified by methanolysis and GC-FID as described above.
qPCR. Real-time quantitative RT-PCR experiments were performed using cDNA synthesised from total RNA isolated from control and treated Arabidopsis cells (Reverse-it first strand synthesis kit, ABgene). Amplification of contaminating DNA was prevented by DNAse treatment of RNA samples. Specific primer sequences designed for FAD2 (At3g12120), FAD3 (At2g29980), FAD6 (At4g30950) and FAD7 (At3g11170) genes were: GCC TTG GTA TAG AGG CAA GGA ATG G (FAD3, Fw) ; TGC TTT CGT GGG GTC GAC CA (FAD3, Rv);.CAA TGA CCG AGA ACG CCT CC (FAD2, Fw); GGC AAC GAG GGA TGA GTG TG (FAD2, Rv); TCT GCT ACC GTT GGC TTG GGC (FAD6, Fw); TTT TGG CGT GAT GGC GGT CGT (FAD6, Rv); CGA CCT CTC CCC AGA ATC TAC ACA (FAD7, Fw); GGT GTG CTC ACA TTC AAC GCC CA (FAD7, Rv). The real-time PCR reactions were carried out on a Rotor-Gene 3000 instrument (Corbett Research) using SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich). Quantification of gene expression was performed using the comparative C T method with the Rotor-Gene 3000 Software. Each data were normalised with 3 reference genes chosen for their absence of variation in Pi limiting conditions (ACT8 -At1g49240; UBQ10 -At4g05320; TIP41-like -At4g34270). The amplification efficiencies of these oligo pairs was close to 1 (0.9-1.1). Each value represents the average of three biological repeats, each repeat being analysed in triplicate. Statistical analyses were done using GraphPad Prism software.
